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patterns of senescence becoming apparent as subjects get 
older. In the alpine swift, there was also evidence for posi-
tive selection on cell resistance to oxidative stress, the more 
resistant subjects being longer lived. The present findings of 
inter-individual selection and intra-individual deterioration in 
cell oxidative status at old age in free-living animals support a 
role for oxidative stress in the ageing of wild animals.
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Introduction
The decline in fecundity and increase in likelihood of 
death with advancing age after an optimum, known as age-
ing or senescence, seems to affect virtually all organisms. 
although ageing has been for a long time thought to be 
restricted to captive animals or humans (Masoro and aus-
tad 2006), evidence is accumulating that ageing is also 
widespread in wild populations of vertebrates (Jones et al. 
2008). Because ageing is a ‘detrimental phenomenon’, 
the mechanisms of ageing, the degree of their conserva-
tion among distant evolutionary lineages, and how such 
counter-selective phenomena persist in natural populations, 
remain the focus of intense research.
nowadays, there is little doubt that ageing involves 
the failure of numerous control systems, which is well 
reflected by the plethora of mechanistic hypotheses of age-
ing reported in the biomedical literature, involving among 
other things disruption of the immune system (helle et al. 
2004) or cell membrane composition (yu 2005). The vast 
majority of mechanistic hypotheses of ageing have, as com-
mon denominators, an intimate association between system 
failure and the accumulation of somatic damage. Because 
Abstract Oxidative stress occurs when the production of 
reactive oxygen species (rOs) by an organism exceeds its 
capacity to mitigate the damaging effects of the rOs. con-
sequently, oxidative stress hypotheses of ageing argue that a 
decline in fecundity and an increase in the likelihood of death 
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by gradual disruption of the oxidative balance at the cellular 
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for senescence in cell resistance to oxidative stress, with 
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oxidative stress is a predominant cause of somatic dam-
age, it has led to synthetic hypotheses pointing to oxidative 
stress, in a broad sense, as a major driver of ageing (Finkel 
and holbrook 2000; Dowling and simmons 2009; selman 
et al. 2012; sohal and Orr 2012). Oxidative stress hypoth-
eses of ageing are organised around two paradoxes. The first 
one, best known as the free radical hypothesis of ageing, 
points out that despite mitochondrial respiration being vital 
as an energy source, it also produces damaging reactive oxy-
gen species (rOs) as by-products (harman 1956). rOs is 
thought to represent 0.1–4 % of total oxygen consumed dur-
ing normal respiration (cadenas and Davies 2000), and the 
accumulation of rOs-induced damage on Dna, proteins, 
and lipids is thought to contribute to ageing (Beckman and 
ames 1998; Finkel and holbrook 2000). The second para-
dox, which has only emerged in the last decade, emphasizes 
that, although long-term exposure to rOs is debilitating, 
short and moderate peaks of rOs are vital on–off molecu-
lar signals via their action on the cyclic oxidation–reduction 
of cysteine residues present in kinases, phosphatases and 
other regulatory factors (hamanaka and chandel 2010). 
This second paradox illustrates that the relationship between 
oxidative stress and ageing is more complex than initially 
formulated in the free radical hypothesis of ageing (ristow 
and schmeisser 2011; sohal and Orr 2012). Taken together, 
these hypotheses predict that, although oxidative stress 
occurs when the production of rOs exceeds the capacity of 
the antioxidant and repair machinery (Beckman and ames 
1998; Finkel and holbrook 2000), ageing is likely to be dic-
tated at the intra-cellular level by subtle changes in oxygen 
consumption, rOs production, antioxidant defences and 
repair mechanisms, with ageing being manifested at the cel-
lular level by the deterioration of cell oxidative status with 
advancing age (ristow and schmeisser 2011; sohal and 
Orr 2012). hence, studies focusing on cell oxidative sta-
tus, defined as the sum of processes influencing cell oxygen 
consumption, rOs production, antioxidant defences and 
repair mechanisms, might provide a suitable approach to 
address the importance of oxidative stress in shaping organ-
ismal ageing. accordingly, there is growing evidence in 
humans and model organisms of the effect of advancing age 
on the disruption of cell oxidative status and on its etiologi-
cal association with various diseases and morbidities such 
as cancer, cell degeneration, and inflammation (Valko et al. 
2007). Whether the same processes occur in wild popula-
tions of vertebrates remain contentious.
In this study, we address the occurrence of age-related 
deterioration of cell oxidative status in two free-living bird 
species with contrasting life expectancy: the short-lived 
great tit (Parus major) and the long-lived alpine swift 
(Apus melba), with respectively maximum expected life 
spans of 15.4 and 26 years in the wild (data from the web 
database anage; Tacutu et al. 2013). In both species, we 
gathered repeated measurements in the same individuals of 
erythrocyte resistance to an oxidative burst. resistance of 
erythrocytes to oxidative stress is the sum of multiple fac-
tors, including membrane lipid composition, levels of intra- 
and extra-cellular antioxidant defences (i.e. antioxidant 
compounds and enzymes) to past exposure of a cell mem-
brane and antioxidant defences to oxidative stress (e.g. les-
gards et al. 2002; rizzo et al. 2012). as such, erythrocytes 
provide valuable insight on cell oxidative status (richards 
et al. 1998; Kiefer and snyder 2000; Tsantes et al. 2006; 
hattangadi and lodish 2007), and avian erythrocytes might 
be especially interesting in this context because they con-
tain functional mitochondria (stier et al. 2013). Further-
more, previous studies in captive as well as wild birds have 
revealed a tight association between erythrocyte resistance 
to oxidative stress and fecundity or survival (alonso-alva-
rez et al. 2006; Bize et al. 2008; losdat et al. 2013), indi-
cating that this cellular biomarker can also provide valuable 
insight at the whole organism level. Because age-related 
decline in individual resistance to oxidative stress can be 
masked by the selective disappearance of the less resist-
ant individuals (van de Pol and Verhulst 2006), we used a 
centring statistical approach where the age at last measure-
ment (alM) and chronological age centred on alM were 
entered as two fixed terms in the same mixed model (van 
de Pol and Verhulst 2006; reed et al. 2008). The first term 
allows testing for the selective disappearance of particular 
phenotype at the population level (i.e. changes in between-
individual composition), and the second term for within-
individual changes in resistance to oxidative stress in the 
years of life preceding its last measurement (i.e. ageing per 
se) (van de Pol and Verhulst 2006; reed et al. 2008). We 
also modelled the interaction between these two terms to 
test for the gradual appearance of senescence with advanc-
ing age.
Materials and methods
study species and general procedures
The great tit is a 20 g non-migratory passerine that feeds on 
insects and seeds. This passerine inhabits forests and parks 
and nests in tree cavities or in artificial nest boxes. Female 
great tits usually lay one clutch of 5–12 eggs per year (modal 
clutch size is eight). Females incubate the clutch, and both 
parents feed the offspring up to fledging which occurs 
20 days after hatching. adult great tits are sexually mature 
at one year of age, they have a mean annual survival rate of 
ca. 0.47 (Payevsky 2006), and the oldest bird reported in our 
study population was 9 years old (Pc; personal observation). 
Fieldwork was carried out in a great tit population nesting in 
artificial nest boxes located in woods in the vicinity of the 
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University of lausanne, switzerland. This population has 
been monitored since 1989. a drop of blood was collected 
from nesting adults (2005–2010) and from their 12-days old 
nestlings in 2005 and 2007 (christe et al. 2012).
The alpine swift is a 90 g migrant colonial apodi-
form bird that breeds in holes in cliffs and under the roof 
of tall buildings. It feeds on insects caught exclusively in 
flight. It is socially monogamous and reproduces in colo-
nies counting up to several hundred breeding pairs. a sin-
gle clutch of 1–4 eggs is produced per year (modal clutch 
size is three). Males and females have equal investment in 
the brood. Both parents incubate the eggs for 20 days and 
feed the offspring up to fledging which takes place at 50–
69 days of age after hatching. adult alpine swifts are sexu-
ally mature at the age of two or 3 years (Tettamanti et al. 
2012), they have a mean annual survival rate of ca. 0.77 
(Bize et al. 2006), and the oldest recaptured bird reported 
in our population was 26 years old (Bize et al. 2009). natal 
and breeding dispersal is limited with most birds breeding 
in the colony where they were born. Fieldwork was carried 
out in two alpine swift colonies located under the roofs of 
tall buildings in Bienne and solothurn, switzerland, where 
nestlings have been ringed each year since at least 1968 
and adults have been subjected to an individual based study 
since 2000 (Bize et al. 2008, 2009). We measured eryth-
rocyte resistance to oxidative stress in 2005–2008 by col-
lecting a drop of blood from adults, captured while sitting 
on eggs or provisioning their brood, and from 50-day-old 
nestlings.
Measurements of erythrocyte oxidative status
We assessed erythrocyte oxidative status as the time needed 
to hemolyse 50 % of the cells exposed to a controlled rOs 
attack using the Krl bioassay (Brevet spiral V02023; 
Kirial, courernon, France). Immediately after the blood 
sampling, 10 or 16 μl of blood was diluted in 365 or 584 μl 
of Krl buffer adjusted to avian cell osmolarity in the great 
tit or in the alpine swift, respectively. samples were stored 
at 4 °c in the field before analysis in the laboratory, which 
occurred within 24 h after blood collection. ninety micro-
litres of Krl-diluted blood was incubated at 40 °c and 
submitted to a controlled rOs attack by adding 153 μl of 
a solution at 150 mmol of 2,2'-azobis-(aminodinopropane) 
hydrochloride diluted in Krl buffer. The time needed to 
lyse 50 % of the erythrocytes was assessed with a micro-
plate reader device that follows the decrease of optical 
density at 540 nm, thus allowing us to follow the cellular 
release of haemoglobins in each well. samples were run in 
duplicates (mean ± se intra-plate coefficient of variation, 
1.53 % ± 0.20 in the great tit and 0.83 % ± 0.05 in the 
alpine swift), and mean sample values were calculated for 
the analyses.
Because changes in erythrocyte resistance to an oxida-
tive burst can be influenced by changes in membrane lipid 
composition, in levels of antioxidant defences and in past 
exposure of cell membranes to oxidative stress (Brzezin-
ska-slebodzinska 2001; lesgards et al. 2002; rizzo et al. 
2012), hereafter we refer to this measurement as ‘erythro-
cyte oxidative status’.
ethical note
This work was conducted under licences of the Veterinary 
services of the cantons Berne and solothurn for the alpine 
swift and of the canton Vaud for the great tit. ringing per-
mits were provided by the swiss Federal agency for envi-
ronment, Forests and landscapes.
Data sets and statistical analyses
To examine within-individual variation over age in resist-
ance to oxidative stress, we restricted our analyses to sub-
jects fulfilling the following conditions: (1) individuals 
were of known age (i.e. ringed as nestlings or defined as 
1 year of age in adult tits based on plumage colouration); 
and (2) individuals were measured for resistance to oxida-
tive stress over at least 2 different years. In total, we had 
93 measurements in 33 great tit subjects and 734 meas-
urements in 229 alpine swift subjects. The range of ages 
across all the subjects varied between 12 days and 7 years 
of age (mean age at sampling ± se = 2.79 ± 0.18, n = 93) 
in the great tit and between 50 days and 22 years of age 
(mean age at sampling ± se = 6.02 ± 0.14, n = 734) in 
the alpine swift.
We teased apart between- and within-individual changes 
in resistance to oxidative stress with advancing age using 
mixed models and a data centring approach (van de Pol and 
Verhulst 2006). That is, we modelled the effect of age in 
relation to alM (i.e. age is centred on alM), so that age 
0 coincides with the last measurement, age−1 to 1 year 
before the last measurement, age−2 to 2 years before the 
last measurement (yBlM), etc.. This data centring is useful 
when focusing on age-related changes in the yBlM [see 
reed et al. (2008) for a similar approach]. In the statistical 
models, we entered alM, yBlM, and sex as three fixed 
terms, plus all possible interactions, and we entered indi-
vidual identity and year of sampling as two random terms. 
For each individual, alM defined the upper limit of the age 
window over which resistance to oxidative stress is stud-
ied, and yBlM allows the study of variation in resistance 
to oxidative stress in the years preceding the last measure-
ment. consequently, alM allows testing for the selective 
contribution of some age window (and by extension phe-
notypes) to patterns of senescence in resistance to oxida-
tive stress at the population level (i.e. between-individual 
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effect), whereas yBlM allows testing for within-individ-
ual changes in resistance to oxidative stress (van de Pol 
and Verhulst 2006; reed et al. 2008). We also entered the 
quadratic effects for the variables alM and yBlM to 
gather information, respectively, on the shape of selection 
on alM (e.g. directional vs. stabilizing) and on individual 
constancy in age-related variation in cell resistance to oxi-
dative stress.
The interaction between yBlM and alM allowed test-
ing for gradual appearance of senescence with advancing 
age, or in other words for gradual changes in the slope of 
the relationship between age and cell resistance to oxida-
tive stress. To help visualize and interpret this interaction 
between two continuous explanatory variables, we divided 
individuals into three alM classes: young, middle-aged 
and old. great tit subjects were 1–2, 3–5 and 6–7 years 
alM in the young, middle-aged and old alM classes, 
respectively. alpine swift subjects were 1–3, 4–9 and 
10+ years alM in the young, middle-aged and old alM 
classes, respectively. Within each species, the young alM 
class refers to individuals measured either before they 
started breeding or during their first reproductive attempt(s) 
(harvey et al. 1979; Tettamanti et al. 2012), the middle-
aged class describes mature breeding adults, whereas the 
old age class presumably contains senescing individuals 
[following ageing patterns reported in Jones et al. (2008)]. 
We also re-ran mixed-models with yBlM and sex as two 
fixed terms, and with individual identity and year of sam-
pling as two random terms to investigate significant age-
related changes in resistance to oxidative stress in these 
three age categories.
In the alpine swift, alM did not always coincide with the 
age at last appearance (and presumably death), since 136 of 
the 229 subjects were recaptured afterwards without record 
of resistance to oxidative stress (against one of the 33 great 
tit subjects). hence, although a significant effect of alM on 
resistance to oxidative stress would point toward selective 
disappearance of particular subjects, in the alpine swift we 
also ran a parametric survival analysis with individual mean 
resistance to oxidative stress as an exploratory variable and 
age at last appearance based on individual re-sighting until 
2012 as a response variable to formally address the influence 
of resistance to oxidative stress on life expectancy. When 
running survival analyses, 49 alpine swift subjects still alive 
in 2012 were right censored and the survival distribution 
that best fitted the data was chosen based on akaike infor-
mation criterion. Furthermore, to formally address oxidative 
senescence in the years before last appearance, and presum-
ably death, in both species we re-ran similar mixed models 
by restricting the data sets to subjects where alM coincided 
with the presumed age at death (aD).
We have shown elsewhere that the time interval between 
blood sampling in the field and measurement of cell 
oxidative status in the laboratory can significantly influ-
ence cell resistance to oxidative stress [P < 0.05; Bize et al. 
(2008)]. The inclusion of a time interval in the different 
analyses did not alter the present findings and, for shake of 
simplicity, we did not retain this covariate in our final sta-
tistical analyses.
all the statistical analyses were performed using the sta-
tistical package JMP version 8.0 (sas Institute). results 
are reported as mean ± se. significant results are for 
P < 0.05. number of subjects (N) and number of observa-
tions (n) are reported whenever appropriate.
Results
erythrocyte resistance to oxidative stress in the great tit and 
in the alpine swift was significantly explained by the inter-
action between alM and chronological yBlM (Table 1). 
In both species, this interaction is explained by the fact 
that patterns of within-individual changes in resistance 
to oxidative stress varied across age windows (Fig. 1). In 
the great tit, resistance to oxidative stress showed within-
individual improvement in the first years of life, the pat-
tern being most apparent in middle-aged subjects, followed 
by senescence in resistance to oxidative stress in old-age 
subjects (Fig. 1a–c). There was no significant relation-
ship between cell resistance to oxidative stress and yBlM 
in the young alM class (effect of yBlM, 0.65 ± 2.05; 
df = 12.6, t = 0.32, P = 0.76), whereas this relationship 
was significantly positive in the middle-aged alM class 
(1.96 ± 0.61; df = 32.9, t = 3.19, P = 0.003) and negative 
in the old alM class (−1.53 ± 0.37; df = 19.1, t = −4.15, 
P < 0.001). In the alpine swift, resistance to oxidative 
stress showed slow but constant within-individual deterio-
ration throughout life, with senescence being most appar-
ent in old-age subjects (Fig. 1d–f). There was no significant 
relationship between cell resistance to oxidative stress and 
yBlM in the young alM class (0.84 ± 0.59; df = 81.3, 
t = 1.43, P = 0.16), and a significant negative relationship 
in the middle-aged alM class (−2.68 ± 0.30; df = 438.5, 
t = −8.86, P < 0.001) and old alM class (−2.94 ± 0.55; 
df = 130.8, t = −5.29, P < 0.001). We found no evidence 
of a quadratic effect of yBlM (all P values >0.30), thus 
suggesting linear, constant, variation in cell resistance to 
oxidative status in the different age windows. resistance 
to oxidative stress was not explained by the effect of sex, 
alone or in interaction with alM or yBlM; non-significant 
interactions were dropped from the final model reported in 
Table 1. additional analyses restricted to subjects where 
alM coincided with the presumed aD show quantita-
tively similar results (Table s1), thus confirming the occur-
rence of oxidative senescence before death for individuals 
belonging mostly to old-age categories.
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Table 1  results of generalised linear mixed models showing effects 
of sex, age at last measurement (ALM), years before last measure-
ment (YBLM), plus the interaction between alM and yBlM, on 
resistance of red blood cell membranes to an oxidative burst meas-
ured in great tits and alpine swifts
alM squared (ALM × ALM) was retained only in the final model for the alpine swift. subject identity (ID) and year of sampling were entered 
as random factors to control for multiple blood sampling of the same subjects. Denominator df were approximated by the satterthwaite method
Var. Variance, CI confidence interval
great tit (N = 33 subjects, n = 93 observations) alpine swift (N = 229 subjects, n = 734 observations)
random effects random effects
Var. comp. 95 % cI % Var. explained Var. comp. 95 % cI % Var. explained
subject ID 7.85 (2.77–69.26) 21.9 % 3.84 (2.43–10.34) 6.9 %
year sampling 0.16 (0.44–) 0.5 % 25.53 (7.82–368.11) 38.7 %
residual 27.72 (19.28–43.24) 77.6 % 34.79 (30.87–39.42) 54.4 %
Fixed effects Fixed effects
estimate se df t P estimate se df t P
alM 0.34 0.52 22.9 0.65 0.522 0.38 0.09 233.3 4.22 <0.001
alM × alM – – – – – −0.04 0.01 234.7 −2.74 0.007
yBlM 1.16 0.63 6.5 1.85 0.110 −0.19 0.36 320.0 −0.55 0.584
alM × yBlM −0.96 0.30 72.8 −3.23 0.002 −0.16 0.06 665.9 −2.51 0.012
sex (F) −0.92 0.81 24.1 −1.14 0.267 −0.45 0.26 210.0 −1.74 0.083
Intercept 77.69 2.02 23.0 38.39 <0.001 53.76 2.58 3.3 20.87 <0.001
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Fig. 1  relationships between years before last measurement 
(yBlM) and resistance to oxidative stress in the short-lived great 
tit (a–c) and in the long-lived alpine swift (d–f). For illustrative 
purpose, individuals were divided into three age at last measure-
ment (alM) classes: young (a, d), middle aged (b, e) and old (c, f). 
great tit subjects were 1–2, 3–5 and 6–7 years alM in the young, 
middle-aged and old alM classes, respectively. alpine swift subjects 
were 1–3, 4–9 and 10+ years alM in the young, middle-aged and 
old alM classes, respectively. Each dot is one observation per sub-
ject per yBlM class, and fitted lines are shown with 95 % confidence 
intervals (dashed lines)
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The significant and positive effect in Table 1 of alM and 
alM squared on resistance to oxidative stress in the alpine 
swift (0.35 ± 0.09 and P < 0.001, and −0.03 ± 0.01 and 
P = 0.011) hints at the existence of directional selection 
for more resistant phenotypes in this bird species, with the 
strength of selection flattening as individuals get older. This 
evidence is confirmed by fitting a lognormal survival analy-
sis on age at last appearance based on individual re-sight-
ing until 2012 in relation to mean individual resistance to 
oxidative stress. It shows that resistance to oxidative stress 
(fitted with a quadratic effect) was a significant predictor of 
survival in the alpine swift (resistance to oxidative stress, 
0.023 ± 0.009, χ2 = 5.94, P = 0.015; resistance to oxida-
tive stress squared, −0.002 ± 0.001, χ2 = 3.24, P = 0.07), 
with the existence of directional selection on low values of 
resistance to oxidative stress and a tendency for selection to 
flatten in individuals with high resistance to oxidative stress 
(Fig. 2). The effect of sex, alone or in interaction with 
resistance to oxidative stress, did not significantly explain 
the survival of alpine swifts (P values >0.41).
Discussion
The study of oxidative stress is challenging because, by 
definition, oxidative stress is the outcome of complex inter-
actions between rOs production, antioxidant defences 
and repair mechanisms, and consequently there is no gold 
marker of oxidative stress (Monaghan et al. 2008; selman 
et al. 2012). The study of ageing also has its own chal-
lenges, since it requires repeated sampling of the same indi-
viduals coupled with adequate statistical analyses to tease 
apart age-related changes due to demographic effects (i.e. 
selection) from within-individual effects (i.e. ageing per 
se) (van de Pol and Verhulst 2006). In the present study, 
we tried to take up these two challenges by analysing data 
sets in natural populations of the short-lived great tit and 
the long-lived alpine swift for which we gathered repeated 
measures of erythrocyte resistance to oxidative stress of the 
same subjects. Our study emphasises in both species that 
cell oxidative status can deteriorate over age, with patterns 
of senescence becoming apparent in older subjects. In the 
alpine swift, we also found evidence of positive selection 
on cell resistance to oxidative stress, the more resistant sub-
jects being longer lived.
erythrocytes, oxidative status and ageing
Variation in erythrocyte resistance to oxidative stress 
is doubtless the fruit of multiple, intertwined processes 
(Tsantes et al. 2006), and several non-exclusive mecha-
nisms can be advanced to account for senescence in eryth-
rocyte oxidative status, including changes in mitochondrial 
rOs production (stier et al. 2013), in membrane lipid com-
position (hulbert 2008), or in intracellular levels of anti-
oxidant defences (Marinkovic et al. 2007). however, the 
relative contribution of these different processes in shap-
ing variation in erythrocyte resistance to oxidative stress 
is currently unknown. Our measure of erythrocyte oxida-
tive status is integrative, hitherto preventing us to decipher 
the exact mechanism(s) that triggered cell senescence in 
older individuals. To address this issue, studies are required 
where, ideally, all components of oxidative stress (i.e. 
rOs production, membrane composition and antioxidant 
defences) are measured simultaneously and repeatedly over 
the lifetime of the same individuals (Monaghan et al. 2008; 
selman et al. 2012). It is worth realising, however, that 
many candidate molecular pathways are involved in oxida-
tive stress and cellular ageing, and not all individuals from 
the same population might exhibit senescence in oxidative 
stress via dysfunction of the same pathways. genetics and 
environmental factors, and gene by environment interac-
tions, are thought to regulate resistance to oxidative stress 
(Finkel and holbrook 2000). Therefore, extensive genetic 
diversity and environmental variation of wild populations 
might explain the difficulties in providing unambiguous 
demonstrations in oxidative senescence of specific molec-
ular pathways in nature (selman et al. 2012). In the pre-
sent study, we made the best of a bad situation by focus-
ing on an integrative measure of cell state (rather than on 
specific molecular pathways), allowing us to demonstrate 
senescence in cell oxidative status in older subjects in two 
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Fig. 2  age at last observation, and by extrapolation life expectancy, 
in relation to erythrocyte mean residual resistance to oxidative stress 
in the long-lived alpine swift. Individuals still alive in 2012 (N = 49) 
are shown as squares and those not re-sighted in 2012 (N = 180) as 
circles. Solid symbols male subjects, open symbols female subjects. 
survival quantile lines 0.1, 0.5 and 0.9 are drawn
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phylogenetically distant wild bird species that greatly dif-
fer in their maximum lifespan. Our results shed light on the 
value of studying oxidative stress at the whole cell level, 
and we hope that this study will encourage more compari-
sons of oxidative stress at the cell level [across species but 
also across tissues (e.g. röhme 1981)] in addition to com-
parisons at the sub-cellular levels. Our findings provide 
support to the idea that oxidative stress can play an impor-
tant ‘public’ role in the ageing and life history trade-offs 
from humans to wild populations of vertebrates (Partridge 
and gems 2002; Monaghan et al. 2008; Dowling and sim-
mons 2009; selman et al. 2012).
Between- and within-individual variation in ageing
age-related changes in erythrocyte resistance to oxida-
tive stress observed at the population level (supplementary 
Fig. 1) are the outcomes of selection over time for indi-
viduals with higher resistance, resulting in demographic 
effects or ageing per se (i.e. within-individual variation) 
(van de Pol and Verhulst 2006). cross-sectional studies 
in free-living or semi-captive animals show a contrasting 
picture of oxidative senescence in the wild, with either no 
(e.g. nussey et al. 2009; lecomte et al. 2010; saino et al. 
2011) or quadratic (Bize et al. 2008; alonso-Álvarez et al. 
2010; Devevey et al. 2010) age-related changes in levels of 
diverse oxidative stress markers. These discrepancies might 
be partly explained by confounding effects of selection and 
ageing since age-related decline in individual resistance 
to oxidative stress can be masked by the selective disap-
pearance of the less resistant individuals (van de Pol and 
Verhulst 2006). accordingly, the use of repeated measure-
ments coupled with mixed-model analyses where alM, 
chronological age centred on alM, plus their interaction, 
were entered as fixed explanatory variables (van de Pol and 
Verhulst 2006; reed et al. 2008) emphasize the importance 
of considering these two processes within one analytical 
framework.
a first important result from these analyses is, as men-
tioned already, the significant interaction between alM 
and chronological age centred on alM on the whole data-
set (Table 1), or on data restricted to subjects where the 
last measurement of resistance to oxidative stress matches 
with the year of their presumed death (Table s1). This 
gives strong evidence for progressive deterioration in cell 
resistance to oxidative stress in the years before death, 
with patterns of senescence becoming clearer in older 
subjects. Interestingly, in the great tit there was also evi-
dence for within-individual improvement in erythrocyte 
resistance to oxidative stress at early ages, which is simi-
lar to previous longitudinal findings in the zebra finch 
(Taeniopygia guttata), another small, short-lived passerine 
(alonso-alvarez et al. 2006; but see saino et al. 2011). 
The factors accounting for an increase in cell resistance 
to oxidative stress early in life are unknown and need fur-
ther investigation. Because of their stringent requirements 
for flight, birds have been proposed to maintain high levels 
of baseline physiological performance, and in turn fitness, 
throughout life (ricklefs 2010), and their death has been 
defined as ‘catastrophic’ if it comes from an acute and sud-
den system failure that occurs regardless of age (coulson 
and Fairweather 2001; ricklefs 2010). There is nowadays 
fast-growing evidence from longitudinal studies showing 
that birds in natural populations can exhibit gradual (rather 
than catastrophic) decline in reproduction and survival (e.g. 
Jones et al. 2008; reed et al. 2008; rebke et al. 2010). 
similar findings on physiological markers remain, however, 
scarce and often inconclusive since they are mostly based 
on cross-sectional studies (e.g. lecomte et al. 2010; saino 
et al. 2011; but see angelier et al. 2007; Moe et al. 2009; 
alonso-Álvarez et al. 2010). The present results provide 
two-fold evidence, showing that baseline physiological 
condition is indeed maintained until older ages (Figure s1) 
but that senescence in the baseline physiological condition 
becomes nonetheless apparent in very old (or long-lived) 
individuals (Fig. 1). Oxidative stress has been implicated 
in the cause of many diseases in humans and laboratory 
animals (Finkel and holbrook 2000) but much remains to 
be done in order to identify the causes of death in natural 
populations and, by doing so, causally link oxidative stress 
to ageing.
a second important result is the significant positive 
relationship between alM and cell resistance to oxida-
tive stress in alpine swifts, which demonstrates selective 
disappearance from the population of the less resistant 
subjects. It is further supported by survival analyses dem-
onstrating that individuals possessing the more resistant 
erythrocytes against an exogenous oxidative attack were 
the longer lived. although the relationship between alM 
and cell resistance to oxidative stress was positive too 
in the great tit (effect of alM, 0.34 ± 0.52), it was far 
from significant (P = 0.52; Table 1). This could be due 
to a lack of statistical power, since we have fewer data in 
the great tit than in the alpine swift (N = 33 vs. 229 sub-
jects). alternatively, because the great tit is smaller (20 
vs. 90 g) and shorter lived [maximum life span, 15.4 vs. 
26 years (Tacutu et al. 2013)] than the alpine swift, we 
cannot exclude weaker survival selection on cell resist-
ance to oxidative stress in the great tit. Previous studies 
performed in free-living birds covering a wide range of 
size and maximum longevity showed that erythrocyte 
resistance to oxidative stress predicted short-term sur-
vival in nestling great tits (losdat et al. 2013) and adult 
male alpine swifts [Bize et al. (2008); see also alonso-
alvarez et al. (2006) for similar finding on captive zebra 
finches], plasma lipid peroxidation predicted recruitment 
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in nestling european shags (Phalacrocorax aristotelis; 
1,773 g and 30.6 years) (noguera et al. 2012) and plasma 
antioxidant defences predicted long-term survival in adult 
barn swallows (Hirundo rustica; 18.3 g and 16 years) 
(saino et al. 2011). Interestingly, the fact that erythrocytes 
are expendable, that they can penetrate the entire body via 
capillary distribution, and that the erythrocyte membrane 
is permeable to rOs which might allow the detoxification 
of extra-cellular rOs by the antioxidant defences in the 
erythrocyte cytosol, led to the hypothesis that erythrocytes 
can serve as an oxidative sink for the organism (richards 
et al. 1998; Kiefer and snyder 2000). altogether, these 
results suggest that blood markers of oxidative stress 
provide important information on the intrinsic state and 
thereby, fitness of individuals in natural populations and 
in particular, that the role of erythrocyte oxidative status 
in shaping ageing patterns deserves further investigation 
(see also Patel et al. 2010).
Acknowledgments We are grateful to numerous students for their 
help in the field, to two anonymous reviewers for helpful comments, 
and to the swiss national science Foundation for financial support 
(grant no. 31003a_124988 to P. B. and 31003a_138187 to P. c.).
References
alonso-alvarez c, Bertrand s, Devevey g, Prost J, Faivre B, chas-
tel O, sorci g (2006) an experimental manipulation of life-
history trajectories and resistance to oxidative stress. evolution 
60:1913–1924
alonso-Álvarez c, Pérez-rodríguez l, garcía JT, Viñuela J, Mateo r 
(2010) age and breeding effort as sources of individual variabil-
ity in oxidative stress markers in a bird species. Physiol Biochem 
Zool 83:110–118
angelier F, Weimerskirch h, Dano s, chastel O (2007) age, experi-
ence and reproductive performance in a long-lived bird: a hormo-
nal perspective. Behav ecol sociobiol 61:611–621
Beckman KB, ames Bn (1998) The free radical theory of aging 
matures. Physiol rev 78:547–581
Bize P, gasparini J, Klopfenstein a, altwegg r, roulin a (2006) 
Melanin-based coloration is a nondirectionally selected sex-spe-
cific signal of offspring development in the alpine swift. evolu-
tion 60:2370–2380
Bize P, Devevey g, Monaghan P, Doligez B, christe P (2008) Fecun-
dity and survival in relation to resistance to oxidative stress in a 
free living bird. ecology 89:2584–2593
Bize P, criscuolo F, Metcalfe nB, nasir l, Monaghan P (2009) Tel-
omere dynamics rather than age predict life expectancy in the 
wild. Proc r soc lond B 276:1679–1683
Brzezinska-slebodzinska e (2001) erythrocyte osmotic fragility test 
as the measure of defence against free radicals in rabbits of dif-
ferent age. acta Vet hung 49:413–419
cadenas e, Davies KJa (2000) Mitochondrial free radical generation, 
oxidative stress, and aging. Free radic Biol Med 29:222–230
christe P, glaizot O, strepparava n, Devevey g, Fumagalli l (2012) 
Twofold cost of reproduction: an increase in parental effort leads 
to higher malarial parasitaemia and to a decrease in resistance to 
oxidative stress. Proc r soc lond B 279:1142–1149
coulson Jc, Fairweather Ja (2001) reduced reproductive perfor-
mance prior to death in the Black-legged Kittiwake: senescence 
or terminal illness? J avian Biol 32:146–152
Devevey g, Bruyndonckx n, von houwald F, studer-Thiersch a, 
christe P (2010) age-specific variation of resistance to oxidative 
stress in the greater flamingo (Phoenicopterus ruber roseus). J 
Ornithol 151:251–254
Dowling DK, simmons lW (2009) reactive oxygen species as uni-
versal constraints in life-history evolution. Proc r soc lond B 
276:1737–1745
Finkel T, holbrook nJ (2000) Oxidants, oxidative stress and the biol-
ogy of ageing. nature 408:239–247
hamanaka rB, chandel ns (2010) Mitochondrial reactive oxygen 
species regulate cellular signaling and dictate biological out-
comes. Trends Biochem sci 35:505–513
harman D (1956) aging: a theory based on free radical and radiation 
chemistry. J gerontol 11:208–300
harvey Ph, greenwood PJ, Perrins cM, Martin ar (1979) Breeding 
success of great tits Parus major in relation to age of male and 
female parent. Ibis 121:216–219
hattangadi sM, lodish hF (2007) regulation of erythrocyte lifes-
pan: do reactive oxygen species set the clock? J clin Invest 
117:2075–2077
helle s, lummaa V, Jokela J (2004) accelerated immunosenes-
cence in preindustrial twin mothers. Proc natl acad sci Usa 
101:12391–12396
hulbert aJ (2008) The links between membrane composition, meta-
bolic rate and lifespan. comp. Biochem Physiol a Mol Int Phys-
iol 150:196–203
Jones Or, gaillard J-M, Tuljapurkar s, alho Js, armitage KB, 
Becker Ph, Bize P, Brommer J, charmantier a, charpentier M, 
clutton-Brock T, Dobson Fs, Festa-Bianchet M, gustafsson l, 
Jensen h, Jones cg, lillandt B-g, Mccleery r, Merilä J, neu-
haus P, nicoll Mac, norris K, Oli MK, Pemberton J, Pietiäinen 
h, ringsby Th, roulin a, saether B-e, setchell JM, sheldon 
Bc, Thompson PM, Weimerskirch h, Wickings eJ, coulson T 
(2008) senescence rates are determined by ranking on the fast–
slow life-history continuum. ecol lett 11:664–673
Kiefer cr, snyder lM (2000) Oxidation and erythrocyte senescence. 
curr Opin hematol 72:113–116
lecomte VJ, sorci g, cornet s, Jaeger a, Faivre B, arnoux e, gail-
lard M, Trouvé c, Besson D, chastel O, Weimerskirch h (2010) 
Patterns of aging in the long-lived wandering albatross. Proc natl 
acad sci Usa 107:6370–6375
lesgards JF, Durand P, lassarre M, stocker P, lesgards g, lan-
teaume a, Prost M, lehucher-Michel MP (2002) assessment of 
lifestyle effects on the overall antioxidant capacity of healthy 
subjects. environ health Perspect 110:479–486
losdat s, helfenstein F, Blount JD, Marri V, Maronde l, richner h 
(2013) nestling erythrocyte resistance to oxidative stress predicts 
fledging success but not local recruitment in a wild bird. Biol lett 
13:1
Marinkovic D, Zhang X, yalcin s, luciano JP, Brugnara c, huber T, 
ghaffari s (2007) Foxo3 is required for the regulation of oxida-
tive stress in erythropoiesis. J clin Invest 117:2133–2144
Masoro eJ, austad sn (2006) handbook of the biology of aging. 
academic Press, Burlington
Moe B, rønning B, Verhulst s, Bech c (2009) Metabolic ageing in 
individual zebra finches. Biol lett 5:86–89
Monaghan P, Metcalfe nB, Torres r (2008) Oxidative stress as a 
mediator of life history trade-offs: mechanisms, measurements 
and interpretation. ecol lett 12:75–92
noguera Jc, Kim s-y, Velando a (2012) Pre-fledgling oxidative dam-
age predicts recruitment in a long-lived bird. Biol lett 8:61–63
1105Oecologia (2014) 174:1097–1105 
1 3
nussey Dh, Pemberton JM, Pilkington Jg, Blount JD (2009) life 
history correlates of oxidative damage in a free-living mammal 
population. Funct ecol 23:809–817
Partridge l, gems D (2002) Mechanisms of ageing: public or private? 
nat rev gen 3:165–175
Patel KV, semba rD, Ferrucci l, newman aB, Fried lP, Wallace 
rB, Bandinelli s, Phillips cs, yu B, connelly s, shlipak Mg, 
chaves PhM, launer lJ, ershler WB, harris TB, longo Dl, 
guralnik JM (2010) red cell distribution width and mortality 
in older adults: a meta-analysis. J gerontol a Biol sci Med sci 
65a:258–265
Payevsky Va (2006) Mortality rate and population density regulation 
in the great tit, Parus major: a review. russ J ecol 37:180–187
rebke M, coulson T, Becker Ph, Vaupel JW (2010) reproductive 
improvement and senescence in a long-lived bird. Proc natl acad 
sci Usa 107:7841–7846
reed Te, Kruuk leB, Wanless s, Frederiksen M, cunningham eJa, 
harris MP (2008) reproductive senescence in a long-lived sea-
bird: rates of decline in late-life performance are associated with 
varying costs of early reproduction. am nat 171:e89–e101
richards rs, roberts TK, Mcgregor nr, Dunstan rh, Butt hl 
(1998) The role of erythrocytes in the inactivation of free radi-
cals. Med hypoth 50:363–367
ricklefs re (2010) Insights from comparative analyses of aging in 
birds and mammals. aging cell 9:273–284
ristow M, schmeisser s (2011) extending life span by increasing 
oxidative stress. Free rad Biol Med 51:327–336
rizzo aM, corsetto Pa, Montorfano g, Milani s, Zava s, Tavella s, 
cancedda r, Berra B (2012) effects of long-term space flight on 
erythrocytes and oxidative stress of rodents. Plos One 7:e32361
röhme D (1981) evidence for a relationship between longevity of 
mammalian species and life spans of normal fibroblasts in vitro 
and erythrocytes in vivo. Proc natl acad sci Usa 78:5009–5013
saino n, caprioli M, romano M, Boncoraglio g, rubolini D, ambro-
sini r, Bonisoli-alquati a, romano a (2011) antioxidant defenses 
predict long-term survival in a passerine bird. Plos One 6
selman c, Blount JD, nussey Dh, speakman Jr (2012) Oxidative 
damage, ageing, and life-history evolution: where now? Trends 
ecol evol 27:570–577
sohal rs, Orr Wc (2012) The redox stress hypothesis of aging. Free 
rad Biol Med 52:539–555
stier a, Bize P, schull Q, Zoll J, singh F, geny B, gros F, royer c, 
Massemin s, criscuolo F (2013) avian erythrocytes have func-
tional mitochondria, opening novel perspectives for birds as ani-
mal models in the study of ageing. Front Zool 10:33
Tacutu r, craig T, Budovsky a, Wuttke D, lehmann g, Taranukha 
D, costa J, Fraifeld Ve, de Magalhaes JP (2013) human ageing 
genomic resources: integrated databases and tools for the biology 
and genetics of ageing. nucleic acids res 41:D1027–D1033
Tettamanti F, Witvliet W, Bize P (2012) selection on age at first and at 
last reproduction in the long-lived alpine swift Apus melba. Ibis 
154:338–344
Tsantes ae, Bonovas s, Travlou a, sitaras nM (2006) redox imbal-
ance, macrocytosis, and rBc homeostasis antiox. redox sign 
8:1205–1216
Valko M, leibfritz D, Moncol J, cronin MTD, Mazur M, Telser J 
(2007) Free radicals and antioxidants in normal physiological 
functions and human disease. Int J Biochem cell Biol 39:44–84
van de Pol M, Verhulst s (2006) age-dependent traits: a new statisti-
cal model to separate within- and between-individual effects. am 
nat 167:766–773
yu BP (2005) Membrane alteration as a basis of aging and the protec-
tive effects of calorie restriction. Mech ageing Develop 126:1003
